The remodeling of biological membranes is crucial for a vast number of cellular activities and is an inherently multiscale process in both time and space. Seminal work has provided important insights into nanometer-scale membrane deformations, and highlighted the remarkable variation and complexity in the underlying molecular machineries and mechanisms. However, how membranes are remodeled at the micron-scale, particularly in vivo, remains poorly understood. Here, we discuss how using regulated exocytosis of large (1.5-2.0 μm) membrane-bound secretory granules in the salivary gland of live mice as a model system, has provided evidence for the importance of the actomyosin cytoskeleton in micron-scale membrane remodeling in physiological conditions. We highlight some of these advances, and present mechanistic hypotheses for how the various biochemical and biophysical properties of distinct actomyosin networks may drive this process.
Introduction
Biological membranes are self-sealing, semi-permeable molecular sheets, composed primarily of a lipid bilayer, and a variety of embedded or bound proteins. Membranes surround each cell and its organelles, allowing the precise and simultaneous coordination of the thousands of biochemical reactions required for eukaryotic life. Although membranes were initially perceived as rigid and static structures, we now know that they are constantly remodeled in response to a variety of cues, undergoing changes in shape and composition. Membrane remodeling is essential for basic cellular processes such as intracellular trafficking, cytokinesis, and cell motility, which ultimately control physiological processes such as immune response and development, and pathological processes such as neurodegeneration, and tumor progression. [1, 2] This diversity of functions requires that membranes be remodeled across a range of spatial and temporal scales, a feat accomplished by the concerted action of three processes occurring within, or at the interface of, the lipid bilayer: 1) the modification of the lipid bilayer composition via lipid-modifying enzymes such as lipid kinases and phospholipases [3, 4] ; 2) the insertion or removal of proteins capable of altering the biophysical properties of the bilayer, such as BAR-domain containing and ESCRT proteins [5] [6] [7] [8] ; and 3) the assembly or actions of protein complexes which are capable of generating forces on the bilayer, such as clathrin or the actomyosin cytoskeleton. [9, 10] Our focus has been on elucidating the role of the cytoskeleton in membrane remodeling; particularly on how actin, myosin, and accessory components assemble and interact to alter the shape and dynamics of membranes. Further, we focus exclusively on unravelling this process in a true physiological context, using the process of regulated exocytosis in the salivary gland of live mice as our in vivo mammalian model system. simultaneous release of vesicular contents via a fusion pore. While constitutive exocytosis occurs in all cells, regulated exocytosis occurs in four specialized secretory tissues: neuronal, endocrine, exocrine and hematopoietic. There is remarkable diversity in the dimensions and contents of secretory vesicles across different specialized secretory cells (reviewed in Ref. [12] ), from 50 to 100 nm neurotransmitter-containing vesicles produced in neuronal cells that are released in milliseconds, to much larger (1.5-2 μm) secretory vesicles, called secretory granules (SGs), produced in exocrine cells containing bulky glycosylated cargos that are secreted in minutes.
We focus here specifically on the latter, and in particular on regulated exocytosis in secretory cells of the mouse salivary gland (known as acinar cells). During this process ( Figure 1A,B) , large SGs fuse to specialized domains of the acinar cell APM, that sheathe a network of intercellular canaliculi. This fusion occurs in response to extracellular signals from β-adrenergic receptors, and can be robustly stimulated by administration the β-adrenergic receptor agonist isoproterenol. After fusion, the SG membrane undergoes a gradual integration into the APM ( Figure 1A) , taking in the range of 1 min, and exhibiting linear kinetics. [12] [13] [14] [15] It is important to note that the physiology and kinetics of this process cannot be recapitulated in in vitro or ex vivo systems. For example, the incidence of compound exocytosis, which is observed in vitro and ex vivo, [16, 17] does not occur in vivo. [13] The development of intravital subcellular microscopy (ISMic), which allows the imaging of subcellular events in live anesthetized rodents ( Figure 1B) , has thus been pivotal in enabling secretion in the salivary gland to be used as a robust, inducible model system to elucidate the dynamics, molecule composition, and mechanisms of membrane remodeling by the actomyosin cytoskeleton in physiological conditions. [13, 14, [18] [19] [20] 3. Role of the Actomyosin Cytoskeleton on Post-Fusion SGs: Current Status F-actin and non-muscle myosin II (NMII) have been reported to be necessary to extrude the cargo into the extracellular space upon fusion with the plasma membrane in numerous in vitro model systems including surfactant secretion in the lung, the secretion of the Von-Willebrand factor from the Weibel-Palade bodies [21] and in lacrimal glands. [22] In cells from the exocrine pancreas, the same components have been reported to regulate the dynamics of the fusion pore. [23] The actomyosin machinery has also been reported to play a role during both exocytosis and compensatory endocytosis in Xenopus oocytes. [24, 25] Using ISMic, we previously showed that F-actin and nonmuscle myosin II (NMII) localize to the surface of SGs seconds after fusion with the APM. [12, 13] We found that the pharmacological inhibition of F-actin assembly and NMII motor activity did not prevent SGs from fusing to the APM, but resulted in increased SG diameter post-fusion, and halted SG integration. [13, 26, 27] More specifically, without F-actin the SGs undergo a biphasic expansion: an initial linear expansion, followed by a stepwise more significant enlargement ( Figure 2A) . We proposed that the hydrostatic pressure generated by fluid secretion was responsible for the first enlargement, and the second phase was due to compound exocytosis. Blocking myosin activity, on the other hand, resulted in an initial expansion and delay, but no compound exocytosis.
More recently [14] we determined that two isoforms of NMII, namely NMIIA and NMIIB, localize to fused SGs and, notably, that knockdown of either isoform had differential effects on the kinetics of SG integration. Specifically, knockdown of NMIIB ( Figure 2B ) resulted in an initial increase in the diameter of fused SGs, and a twofold increase in the time required for complete SG integration. [14, 15] Conversely, in the absence of NMIIA ( Figure 2C ), the kinetics of initial integration remained unaffected until SGs reached 50-60% of their initial diameter, at which point integration was stalled. [14, 15] Ablation of both NMIIA and NMIIB ( Figure 2D ) blocked integration in all but a small percentage of SGs. [14, 15] Finally, we made the intriguing discovery that the recruitment of NMII to fused SGs does not require the presence of F-actin. [14, 15] Together, these data suggest that the actomyosin cytoskeleton provides mechanical forces on the SG membrane that are required for normal exocytosis to occur. Since, unlike exocytosis of Weibel-Palade bodies or surfactant in lung alveolar cells, which require the compression of an actomyosin coat to drive cargo expulsion, [21] the cargo in salivary gland SGs is not densely packed or cross-linked, [28] the actomyosin forces are likely required for membrane integration rather than squeezing out of SG contents.
These data also raise new questions concerning the functional mechanisms and spatio-temporal organization of the actomyosin cytoskeleton, as well as interactions with other molecular components during SG integration. While F-actin-independent recruitment of NMII is not unprecedented, [14] the identity of the NMII receptor on the surface of SGs is yet to be determined, highlighting the importance of an in-depth characterization of the molecular machinery on the SG surface to fully understand the integration process. Below we discuss some biophysical considerations, hypothesize likely molecular scenarios, and propose experiments to test their validity.
SG Integration -Mechanical and Geometric Considerations
The rate-limiting steps controlling the amount of secreted cargo during regulated exocytosis are: 1) the number of fusion events that occur; and 2) the rate of content release and membrane integration, post fusion. Given the large size (1.5-2 μm) of the SGs relative to "tubular" APM (0.3-0.4 μm), the latter step is of particular importance, raising a number of intriguing biophysical questions. For example, in mast cells, it was suggested that granules are under significant tension, causing a lipid flux from plasma to SG membranes when they are connected by a fusion pore. [29] [30] [31] Is there a similar difference in membrane tension between the SG membranes and the APM in the salivary gland? And, given the diameter of the SG relative to the canaliculi, is the integration of the SG membrane into the APM energetically favorable?
We previously established a mechanical model that systematically delineates the mechanical conditions controlling the fate of post-fusion vesicles. [32] The model, based on considerations of elastic energy intrinsic to the membrane, predicts that the geometry of post-fusion vesicles significantly influences the integration process of the vesicular membrane into the APM: a larger vesicle with a relatively narrower fusion pore is predicted to energetically favor vesicle fission, whereas a relatively smaller vesicle with a wider fusion pore promotes full-integration of the post-fusion vesicle into the APM. [32] Interestingly, the fate of post-fusion vesicles can be modulated by mechanical forces external to the membrane, whereby increasing relative tension on the SG membrane tips the balance toward full integration into APM. While we do not know the precise dimensions of the fusion pore in fused SGs, the diameter of the canaliculus before fusion is in the range of 0.3-0.4 μm. The APM ensheathing the canaliculi thus has a higher curvature energy than the SG membrane and, as a result, is under a higher pressure. In this situation, the flow of lipids will tend to be toward the SG membrane, suggesting that complete integration of large SG membranes into APM is not energetically favorable ( Figure 3A) . Further understanding can be gained by acquiring more accurate dimensions of the fusion pore, for example by electron microscopy. Additionally, labeling the SG membrane distinctly from the APM would allow a quantitative analysis of the velocity of lipid flow after SG fusion. These data could then be used to determine definitively whether the SG membrane is under tension. Because the exact lipid composition of the membrane around SGs pre-fusion is still not known, such an experiment would first require a lipidomics screen of purified, unfused SGs, which is challenging but feasible, as the procedure for achieving high purity isolated secretory granules from rodent salivary glands have been already established. [33] Finally, it has been shown that as SG fusion progresses, the diameter of the APM increases, [26, 27] likely as excess membrane is integrated faster than compensatory endocytosis can recycle it; an experiment measuring the kinetics of SG fusion in the expanded APM would also inform on the role of membrane tension in the SG integration process.
The Actomyosin Network on the SG Surface: Contractile or Scaffolding?
Given the canonical synergistic role of actomyosin in producing forces, it is tempting to postulate that the two NMII isoforms use the F-actin scaffold to generate contractile forces (on the actin filaments), in effect forcing the SG membrane to integrate into the APM, at least until the SG reaches the dimensions at which it can spontaneously collapse ( Figure 3B) .
In an alternative scenario, it is possible that F-actin and NMIIA/NMIIB form a protective scaffold around the SG immediately after fusion. In this case, rather than providing contractile forces to push the SG membrane, NMII crosslinking and/or contractility maintain the integrity of the scaffold, preventing the SG from expanding due to either compound exocytosis, swelling due to hydrostatic pressure, or lipid convection from the APM into the SG membrane due to a tension gradient. The forces to push the SG membrane into the APM may instead be propagated by: 1) the continuous depolymerization of actin, leading to the constant rearrangement and decrease in size of the actomyosin scaffold, [34] with the resulting tension forcing the membrane constrained within to integrate with the APM; or 2) the polymerization of a distinct www.advancedsciencenews.com www.bioessays-journal.com population of actin, with the barbed end of F-actin pushing against the SG surface ( Figure 3B ). Depolymerization-based force generation has been reported in cytokinetic actin ring compression during cell division, [35] cell migration, [36] and in more recent work on fused lamellar bodies in alveolar secretory cells. [37] Support for this model can be provided by the finding that the F-actin depolymerizing factor ADF/cofilin was found on the surface of SGs, [37] although its role in SG integration was not assessed. In the case of actin polymerization, the forces generated depend critically on the network architecture. [38] It has been shown that linear polymerizing filaments of F-actin, such as those contained in filopodia, can produce high speeds, Figure 2 . Effects of F-actin, NMIIA, and NMIIB inhibition on SG integration during regulated exocytosis. A) Left-Under normal conditions, the SG integrates fully into the APM within 1 min of fusion. Right -Fit of kinetic data of SG integration from Ref. [14] . B) Left -F-actin inhibition leads to a biphasic SG expansion of the SG, likely due to the absence of a scaffold upon which NMII can exert contractile forces, and occurrence of compound exocytosis (which does not occur when F-actin is present). The SG eventually integrates, suggesting the pore remains open. Right -Fit of kinetic data of SG integration from Ref. [14] . C) Left -When NMIIB is downregulated, the SG initially expands, but ultimately collapses after 200 s, suggesting NMIIB is needed for initial integration, but not for late integration or opening/maintenance of the fusion pore. Right -Fit of kinetic data of SG integration from Ref. [14] . D) Left -When NMIIA is down regulated, initial integration kinetics are normal, but the SGs do not collapse, suggesting that NMIIA is needed for late integration and/or opening/maintenance of the fusion pore. Right -Fit of kinetic data of SG integration from Ref. [14] . E) Left -In the absence of both NMIIA and NMIIB, SGs expand upon fusion with the APM, and do not integrate. Right -Fit of kinetic data of SG integration from Ref. [14] .
www.advancedsciencenews.com www.bioessays-journal.com but represent a weak configuration for force generation, in the piconewton range, [39] while 2D branched networks, created by Arp2/3 actin-nucleating complexes produce much higher forces at lower displacement (in the nanonewton range), and polymerization parallel to a surface is suggested to lead to strong orthogonal forces. [38] The role for actin polymerization and/or branching in SG membrane integration can be interrogated by assessing effects of pharmacological and/or genetic inhibition of actin nucleating, polymerizing, and branching proteins. Tracking the recruitment and localization of these molecules, initially by immunofluorescence, and ultimately through ISMic in transgenic or knockin mice expressing tagged-proteins, will provide insights into their specific roles in the membrane integration process. Since actomyosin network architecture ultimately determines the productive force, 4D super-resolution ISMic of tagged NMII and markers for F-actin will be an important next step to elucidate the organization of these proteins, and monitor changes over time.
Actin-Independent Recruitment and Isoform-Specific Roles of NMII on Fused SGs
The presence of NMII on SGs lacking F-actin [14] implies the existence of an alternate NMII receptor on the SG surface, whose identity is not yet clear. Recent works reporting F-actin independent NMII recruitment include a study on yeast cytokinesis where NMII is recruited to the contractile ring by IQGAP-Rng and aniliin, [40] and a study on Drosophila development showing increased membrane tension is sufficient to promote the recruitment and activation of NMII at the cell cortex. [41] Strategies to uncover the NMII receptor on the SG surface include a proteomics and lipidomics screen of purified, fused granules for likely candidates. [42] Additionally, our data showed that knockdown of either NMII isoform had distinct effects on SG membrane integration. One approach to assess whether the two isoforms play distinct roles is to track each isoform separately on the SG surface during the integration process. By generating transgenic mice that express each isoform tagged with a different fluorophore, the relative timing of recruitment and spatial localization can inform on whether the isoforms work independently or form co-filaments with varying stoichiometries.
The opening of the fusion pore after SG fusion requires factors such as SNAREs and has been shown to be F-actin independent. [43] However, it is possible that NMIIA plays a role in maintaining the pore in an open state during the entirety of the SG integration process, as fusion pore geometry, dimensions and even composition keep evolving probably due to the lipid flow. Indeed, such role for NMIIA in maintaining an open The membrane tension of the early post-fusion SG, with a diameter of 1.5 μm (øSG) relative to the membrane tension of the APM surrounding the canaliculi with diameter 0.4 μm (øAC) is predicted to energetically favor lipid flow from the APM toward the SG (yellow and red arrows). When the SG diameter is in the range of the canalicular diameter, øSG and øAC energetically favors lipid flow from the SG membrane toward the APM (yellow and green arrows), favoring SG integration. This suggests that external mechanical forces are necessary for complete integration of large SG membranes into canalicular APM. B) Actomyosin mediated mechanical forces on the SG membrane to facilitate integration may be generated by either NMIIA/NMIIB contractile forces; forces generated by actin polymerization and branching; or both.
www.advancedsciencenews.com www.bioessays-journal.com exocytic fusion pore has been proposed in pancreatic acinar cells [23] and in neuroendocrine cells, [44] and is consistent with the conclusion from our mechanical model. [32] This would fit with our data showing that while SGs fuse and begin to integrate in absence of NMIIA, their inability to fully integrate may be because pore maintenance later in the integration process is defective. Electron microscopy analysis of fused SGs from acinar cells will be important to investigate how the dimensions of the fusion pore are altered in the absence of NMIIA.
Conclusion and Outlook
The role of actin assembly has been well documented in membrane remodeling events such as invagination during clathrin-and caveolin-dependent endocytosis, and vesicle fission. [45] [46] [47] Indeed, important studies on endocytosis have provided numerous insights into the coordination of F-actin polymerization, organization, and dynamics with nanometerscale membrane changes. However, it is still not clear how these processes play out in membrane remodeling at the micron-scale, including at the cleavage furrow of most dividing animal cells, during autophagy, [48] lipid droplet formation, [49] micropinocytosis, [50] or during certain forms of regulated exocytosis. [12] This information is especially sparse in the realm of live multicellular organisms, due to the lack of appropriate model systems and technologies. This is now changing due to important advances in both avenues in recent years, allowing an unprecedented view into micron-scale membrane remodeling in a physiological context. We would argue that the process of regulated exocytosis in the mouse salivary gland provides a unique and robust model system to further investigate specifics of the recruitment of cytoskeletal players, and their concomitant interactions to drive the remodeling of these micron-scale curved membranes, in vivo.
Abbreviations APM, apical plasma membrane; ISMic, intravital subcellular microscopy; NMII, nonmuscle myosin II; SG secretory granule.
